An ever-growing literature has aimed to determine how individuals with autism spectrum disorder (ASD) differ from their typically developing (TD) peers on measures of multisensory integration (MSI) and to ascertain the degree to which differences in MSI are associated with the broad range of symptoms associated with ASD. Findings, however, have been highly variable across the studies carried out to date. The present work systematically reviews and quantitatively synthesizes the large literature on audiovisual MSI in individuals with ASD to evaluate the cumulative evidence for (a) group differences between individuals with ASD and TD peers, (b) correlations between MSI and autism symptoms in individuals with ASD and (c) study level factors that may moderate findings (i.e., explain differential effects) observed across studies. To identify eligible studies, a comprehensive search strategy was employed using the ProQuest search engine, PubMed database, forwards and backwards citation searches, direct author contact, and hand-searching of select conference proceedings. A significant between-group difference in MSI was evident in the literature, with individuals with ASD demonstrating worse audiovisual integration on average across studies compared to TD controls. This effect was moderated by mean participant age, such that between-group differences were more pronounced in younger samples. The mean correlation between MSI and autism and related symptomatology was also significant, indicating that increased audiovisual integration in individuals with ASD is associated with better language/ communication abilities and/or reduced autism symptom severity in the extant literature. This effect was moderated by whether the stimuli were linguistic versus non-linguistic in nature, such that correlation magnitudes tended to be significantly greater when linguistic stimuli were utilized in the measure of MSI. Limitations and future directions for primary and meta-analytic research are discussed.
Introduction
Autism spectrum disorder (ASD) has historically been defined by pervasive social and communication challenges and by the presence of restricted and repetitive behaviors and interests (American Psychological Association [APA], 2000) . Differences in sensory function, however, were also included in the earliest descriptions of ASD (Asperger, 1991; Kanner, 1943) and are now recognized as one of the core characteristics of the disorder (American Psychological Association, 2013) . One aspect of sensory function that appears to be disrupted in individuals with ASD is multisensory integration -the ability to combine information from multiple sensory modalities (Stein et al., 2009) . It has been proposed that the ability to integrate multisensory information lays the foundations for the development of higherlevel skills and that disruptions in multisensory integration may produce cascading effects on development in a number of domains, https://doi.org/10.1016/j.neubiorev.2018.09.020 Received 18 May 2018; Received in revised form 10 September 2018; Accepted 25 September 2018 possibly causing the constellation of social, communication, and other behaviors that have conventionally been considered the core deficits of ASD and related symptoms, such as language impairments, that are often observed in this clinical population (Cascio et al., 2016) . The present study systematically reviews and quantitatively synthesizes the literature on this topic to evaluate the extent to which individuals with ASD differ from their typically developing (TD) peers in audiovisual multisensory integration and the degree to which such differences in multisensory integration are linked with autism and related symptomatology.
Multisensory integration in TD individuals
In our everyday lives, we are continuously bombarded with input from all sensory modalities. We must effectively and efficiently process this multisensory information if we are to function within and learn from our environment. Multisensory integration can be defined as the processes used by humans and animals to respond to convergent inputs from multiple sensory modalities (Murray et al., 2016) .
In TD individuals, having access to information from multiple modalities provides many benefits, including improvements in reaction time, identification accuracy, and processing efficiency (i.e., multisensory gain; Bremner et al., 2012) . The integration of auditory and visual stimuli is of particular interest due to its role in the perception of speech, which has a visual component (i.e., the face) and an auditory component (i.e., the voice; Stevenson et al., 2014a) . It has been proposed that the ability to integrate this complex audiovisual stimulus may provide the basis for social, as well as communication and language development (Bahrick and Todd, 2012; Cascio et al., 2016 ).
Past findings for audiovisual integration in individuals with ASD
A large and ever-growing literature has explored the extent to which individuals with ASD differ in audiovisual multisensory integration relative to their TD peers and the degree to which differences in audiovisual multisensory integration are associated with ASD and related symptoms. Several studies have observed diminished multisensory integration for individuals with ASD versus TD controls. For example, some past research has shown that, in comparison to TD controls, individuals with ASD demonstrate less multisensory facilitation in their reaction times (e.g., Brandwein et al., 2013) , receive less benefit from audiovisual versus unisensory speech cues in noise (e.g., , demonstrate less mature (i.e., wider) temporal binding windows (TBWs) in response to audiovisual stimuli (e.g., Foss-Feig et al., 2010; Stevenson et al., 2014b; Woynaroski et al., 2013a) , and exhibit a reduced magnitude of multisensory integration as evidenced by reduced perception of audiovisual illusions (e.g., Bebko et al., 2014; Foss-Feig et al., 2010; Stevenson et al., 2014c) .
However, findings for group differences are inconsistent across the literature. For instance, in some cases individuals with ASD have been found to report fewer McGurk illusions than peers (Bebko et al., 2014; Feldman et al., 2018a; Stevenson et al., 2014c) , but in other cases no significant between-group differences are observed (e.g., Keane, Rosenthal et al., 2010; Saalasti et al., 2012; Saalasti, Tiippana et al., 2011; Stevenson et al., 2018; Woynaroski et al., 2013a) . Similar inconsistencies have been noted using other tasks, such as the flash-beep illusion (e.g., Bao, Doobay et al., 2017; Foss-Feig et al., 2010; Keane et al., 2010) and tasks measuring TBWs for audiovisual stimuli (e.g., Foss-Feig et al., 2010; Noel, De Niear et al., 2017) .
Likewise, some researchers have found that audiovisual multisensory integration is linked to autism and related symptomatology. There is some evidence, for example, showing that metrics of audiovisual multisensory integration in individuals with ASD are correlated with language (e.g., standardized vocabulary measures; Patten et al., 2014) , communication skill (e.g., communication domain score from the Autism Diagnostic Observation Schedule; Woynaroski et al., 2013a) , clinical sensory symptoms (e.g., Feldman et al., 2018b; Woynaroski et al., 2013a) , and broader autism symptom severity (e.g., total severity score from the Social Responsiveness Scale; Mongillo et al., 2008; Smith et al., 2017; Turi, Karaminis et al., 2016) However, other studies have failed to find significant correlations between metrics of multisensory integration and autism-related deficits (e.g., Falck-Ytter et al., 2013; Grossman et al., 2009; Walker-Andrews, Haviland et al., 1994) . Thus, there is significant variability in the findings for both between group differences in audiovisual multisensory integration and associations between multisensory integration and symptomatology in individuals with ASD to date.
The need for a systematic review and meta-analysis
There is a pressing need for a systematic review and meta-analysis of the literature on audiovisual multisensory integration in ASD. A meta-analysis can summarize the effects of a literature to better estimate the size of overall effect/s of interest and the variability around effect/s within a population. The variability around effect/s can then be analyzed to determine (a) whether it is true variability or spurious variability, (b) whether any study-level factors moderate the effect, and (c) whether publication bias is evident in the literature.
Prior reviews of multisensory integration in individuals with ASD
Several narrative reviews of the literature on multisensory integration in individuals with ASD have been previously published. Baum et al. (2015) extensively reviewed findings for unisensory and multisensory function of children with autism across sensory modalities. Robertson and Baron-Cohen (2017) also reviewed the literature on unisensory and multisensory processing of individuals with ASD, with a focus on findings for associations between sensory functioning and autism symptomatology. Stevenson et al. (2016) conducted a more indepth review of eleven studies that focused on temporal aspects of multisensory integration in individuals with ASD. Beker et al. (2018) conducted a similar review of the multisensory literature, with a particular emphasis on the differences observed between children and adults with ASD. Chan et al. (2016) reviewed group differences observed in response to low-level stimuli for a subset of studies that used a particular psychophysical task (sound-induced flash illusion; see Table 1 ). In addition to the aforementioned narrative reviews, one meta-analysis and systematic review was recently published on a subset of studies focused on TBWs in individuals with ASD and schizophrenia (Zhou et al., 2018) .
The reviews completed to date have been helpful for summarizing subsets of the emerging literature on sensory and multisensory function in individuals with ASD and in putting forth theories that may explain the inconsistencies in findings across the literature to date. For example, Beker et al. (2018) theorized that findings may vary according to chronological age/developmental stage of participants, based on their observation that group differences are often apparent in samples of children, only inconsistently present in adolescents, and rarely present in adults. Chan et al. (2016) hypothesized that discrepant results across studies may be attributable to the type of task utilized to tap multisensory integration (i.e., suggesting that differences may vary according to whether explicit measures of temporal perception versus reports of audiovisual illusions were used). Baum et al. (2015) and Stevenson et al. (2016) suggested that findings may vary according to the nature of the stimuli utilized in tasks, specifically suggesting that there was stronger evidence for between-group differences for speech versus non-speech stimuli. systematic review and meta-analysis of the literature on audiovisual multisensory integration in individuals with ASD. Our objective was two-fold. First, we sought to evaluate the cumulative evidence and more precisely estimate the effect sizes for group differences between individuals with ASD and TD peers and for relations between multisensory integration and measures of language/communication ability and autism symptom severity in the studies carried out to date on these topics. Second, we aimed to explore several theoretically-motivated factors that could explain variability in the aforementioned effects across studies. We addressed the following research questions:
1 Is there evidence for a difference between individuals with ASD and TD controls in audiovisual multisensory integration in the extant literature? We hypothesized that individuals with ASD would exhibit reduced audiovisual multisensory integration compared to TD peers on average across studies. 2 Are the differences between individuals with ASD and TD peers moderated by (a) the mean age of participants, (b) the type of task or the type of stimuli utilized to measure multisensory integration? 3 Is there an association in the extant literature between multisensory integration and autism and related symptomatology, including measures of language and/or communication ability and/or broader autism symptom severity, in individuals with ASD? 4 Is the association between multisensory integration and autism and related symptomatology in individuals with ASD moderated by (a) mean age of participants, (b) the type of task or stimuli used to measure multisensory integration, or (c) whether the measure of symptomatology was specifically a measure of language/ communication skill or a measure of broader autism symptom severity?
Methods
This study was carried out in accordance with recommended procedures for conducting systematic reviews and meta-analyses (i.e., the Preferred Reporting Items for Systematic Reviews and Meta-Analyses [PRISMA] guidelines; Moher et al., 2009 ).
Eligibility criteria
The goal of the present study was to synthesize information from all existing studies on the subject of multisensory integration in individuals with ASD. There were two inclusion criteria for eligible studies. First, participants in the ASD group had to have their diagnosis confirmed via a standardized measure, such as the Autism Diagnostic Interview (ADI; first reported in Le Couteur et al., 1989) , the Autism Diagnostic Observation Schedule (ADOS; first reported in Lord et al., 1989) , or the Childhood Autism Rating Scales (CARS; Schopler et al., 1988) . Studies published prior to the publication of these diagnostic measures were considered during the full text review stage. Second, studies had to have either a behavioral or neural measure of audiovisual integration; Studies that observed the integration of other senses (e.g., visual-tactile integration; Cascio et al., 2012) and studies that used parent report measures (e.g., Sensory Experiences Questionnaire; Baranek et al., 2006 ; Sensory Profile; Dunn, 1999) of sensory behavior were not considered. No exclusion criteria were implemented on the basis of J.I. Feldman et al. Neuroscience and Biobehavioral Reviews 95 (2018) 220-234 language, country of origin, or publication status.
Search strategy
To identify all eligible studies, a comprehensive search strategy was devised using the PsycINFO, PsycARTICLES, and ProQuest Dissertations & Theses Global databases available through the ProQuest search engine and the PubMed database. Three blocks of search terms were developed. The first block of search terms focused on multisensory integration and synonyms thereof. The second block of search terms focused on participant information (i.e., synonyms and terms used to describe ASD). The third block of search terms was added after a scoping review to exclude studies that did not focus on audiovisual multisensory integration and studies that discussed sensory integration therapy, an unrelated and controversial technique used in the occupational therapy literature (see Smith et al., 2015; Weitlauf et al., 2017) . For the exact terms used in each search, see Table 2 . The final search was completed on July 15, 2017; additional studies were included through February 26, 2018 via email notifications.
Grey literature searches were carried out to identify other potentially relevant studies. To find additional published reports that were missed by the primary (ProQuest/PubMed) search strategy, forward and backward citation searches of the included studies and the six previously-published review articles on this topic (i.e., Baum et al., 2015; Beker et al., 2018; Chan et al., 2016; Robertson and Baron-Cohen, 2017; Stevenson et al., 2016; Zhou et al., 2018) were completed in Pubmed and Google Scholar. To find other studies that were not yet published, all available programs of three relevant conference proceedings, the American Speech-Language-Hearing Association, the International Multisensory Research Forum, and the International Meeting for Autism Research, from the last five years (i.e., conference proceedings held between 2013 and 2017) were hand-searched. When a relevant poster or presentation was found, the authors were contacted and asked if their data were available in published form or if they could provide the poster and supporting analyses. In the final stage of the grey literature search strategy, we contacted the first authors and corresponding authors of the included studies and ask whether they had preliminary analyses of ongoing research, unpublished data, or in preparation manuscripts that could be included in this meta-analysis.
Study selection
Results of the searches were exported into Microsoft Excel, and duplicate records were removed. Titles and abstracts were screened to determine whether the studies met inclusion criteria. Records that did not include an abstract were automatically considered for full-text review. During full text review, exclusion criteria were considered in the following order:
1 Duplicate record not previously removed 2 Not an empirical study (i.e., review or opinion article) 3 No ASD group 4 No eligible confirmation of ASD status 5 No audiovisual task that measured multisensory integration All studies that met the aforementioned inclusion and exclusion criteria were included in the qualitative analysis, regardless of whether an effect size of interest could be extracted.
Data extraction
Articles that reported a group difference on a behavioral or neural metric of multisensory integration and/or a correlation between multisensory integration and either language/communication skill or autism symptom severity were included in the quantitative analysis.
Extraction of group differences
Data were extracted from all eligible studies that reported a group difference between individuals with ASD and TD peers. Extracted effect sizes had to index an aspect of audiovisual multisensory integration, including but not limited to multisensory gain (i.e., improvement in accuracy or reaction times when audiovisual stimuli are presented as opposed to unisensory information), cross-modal matching (e.g., preferential looking to synchronous versus asynchronous audiovisual stimuli), temporal binding window size (i.e., the period of time over which an individual tends to bind multisensory stimuli together and perceive them as arising from a single event), and perception of audiovisual illusions (e.g., report of the McGurk effect; see Table 1 for a complete list of eligible dependent variables by task). Extracted effect sizes could not solely be considered a measure of audiovisual processing, such as reaction times to audiovisual stimuli or correct identification of audiovisual syllables without a unisensory contrast.
Some studies reported multiple effect sizes of interest for a single sample. Similarly, data from some samples were reported in multiple records. To handle statistically dependent effect sizes, robust variance estimation procedures were used (see Analyses). All nonoverlapping eligible effect sizes (i.e., effect sizes which differed in more than just the level at which they analyzed the data; see Table 1 ) were extracted from each study.
Group differences were calculated as the effect size metric Cohen's d (d) and then converted to the effect size metric used for analyses, Hedge's g (g). Data could not be extracted from all eligible reports (e.g., authors did not report non-significant group differences, could not extract data from an eligible study due to the reporting styles). When this occurred for articles published within the last ten years, first and/or corresponding authors were contacted in an attempt to obtain sufficient information to calculate d.
Extraction of correlations
Data were extracted from all studies that reported a correlation coefficient (r) between a metric of audiovisual multisensory integration and a concurrent metric of autism symptom severity or communication.
As robust variance estimation procedures were again used to handle statistically dependent effect sizes, all correlations of interest were extracted from each eligible study. Correlations were coded such that positive values indicated that better multisensory integration was associated with better outcomes (i.e., better language or communication skill, less severe autism symptom severity) and negative values indicated that better multisensory integration was associated with worse outcomes (i.e., worse language or communication skill, more severe autism symptom severity). Fisher transformations were then used to convert correlation coefficients (r) to the effect size metric Fisher's z (z) using the Metafor package in R (Viechtbauer, 2010) .
At the final stage of the search strategy, all first and/or corresponding authors of studies included in the meta-analysis were asked whether they had any unreported correlations that would be of interest. Correlations obtained in this manner were included in the present Feldman et al. Neuroscience and Biobehavioral Reviews 95 (2018) 220-234 analyses.
Data coding
Each study was coded for participant demographic and eligibility variables. The demographic variables extracted from each study were the number of participants in each group, the mean age of each group, and the percent of male participants in each group. When available, the average verbal IQ, nonverbal IQ, mental age equivalent, and language age equivalent of the ASD group were also coded. These variables were intended to be tested as moderators in meta-regression models, if enough studies reported this information. The participant eligibility variables included the method by which ASD diagnosis was confirmed (i.e., ADOS vs. non-ADOS measure, independent confirmation by the research team vs. previous evaluation) and the IQ cut-off applied for the ASD group.
In addition to the participant variables, each study was coded for several characteristics of task design and stimuli. These coding variables included the principle of multisensory integration assessed (i.e., temporal, spatial, inverse effectiveness; see Stein and Stanford, 2008) , the data collection method used (i.e., eyetracking, EEG/ERP, fMRI, psychophysics, other behavioral observation), the task demands imposed (i.e., passive viewing, explicit measure of temporal perception, report of audiovisual illusion; adapted from Stevenson et al., 2016) , the specific task used (see Table 1 for a list of tasks), and several dimensions of visual stimulus complexity (i.e., static visual vs. dynamic visual, face absent vs. present, other body part absent vs. present) and auditory stimulus complexity (i.e., speech absent vs. present, natural speech vs. synthesized speech, and whether speech stimuli were syllables, words, non-/pseudo-words, or sentences).
All studies included in the qualitative analysis were coded for these variables regardless of whether they reported an effect size of interest. These data were coded for each study to determine whether studies included in the quantitative analysis differed from studies that were not included in the quantitative analysis.
Analyses
All analyses were conducted in R (R Core Team, 2017). The two sets of effect sizes relevant to the first and third research questions (i.e., group differences in multisensory integration, correlations between multisensory integration and broader autism symptomatology) were analyzed using separate meta-analytic models. As many of the group differences and correlations were extracted from non-independent samples, robust variance estimation procedures with small sample adjustments were used for each model (Hedges et al., 2010; Tanner-Smith et al., 2016; Tipton, 2015) . These procedures analyze effect sizes within clusters, which in this case were groups of studies that reported on overlapping samples or one study that reported multiple effect sizes from one sample. These models were run using the Robumeta package in R (Fisher et al., 2017) and were evaluated for potential bias with a funnel plot and Egger test for funnel plot asymmetry (Egger et al., 1997) using the Metafor package in R (Viechtbauer, 2010) .
Meta-regression analyses were used to answer the second and fourth research questions regarding possible moderators of effect sizes across studies. In accordance with current recommendations (Tanner-Smith and Tipton, 2014), mean age of participants, a continuously quantified moderator which could vary both between and within clusters, was transformed into a cluster mean variable to model between-cluster effects and a cluster mean-centered variable to model within-cluster effects, using the Robumeta package in R (Fisher et al., 2017) . Categorical variables (e.g., the type of task used to measure multisensory integration, type of autism symptomatology measure) were not transformed.
Results

Study selection
The electronic search yielded 844 records (676 unique), and the grey literature searches yielded an additional 4083 records for a total of 4759 unique records (see Fig. 1 ). Following title and abstract screening, 188 full text reports were assessed. Of the 124 studies excluded during full text review, 2 records were duplicates not previously removed, 10 records were not empirical studies, 12 studies did not include an ASD group, 21 studies did not confirm ASD diagnosis with a standardized assessment, and 63 studies did not include an eligible audiovisual multisensory integration task. Additionally, 14 dissertations were excluded at the full text stage because all study content was later published and thus available via the peer-reviewed literature; however, these dissertations were backward citation mined as part of the grey literature search strategy. Sixty-four full text reports were included in the qualitative review.
In the final sample, the 53 studies that contributed effect sizes could be clustered into 34 groups based on overlapping samples (see Table 3 ). These studies included 42 peer-reviewed articles, 7 dissertations or theses, and 4 posters presented at academic conferences. The studies were published between 1994-2018. Most of the studies were conducted in the United States (k = 30) or Canada (k = 12), though some studies were also conducted in the United Kingdom (k = 6), Finland (k = 2), Sweden (k = 2), and the Netherlands (k = 1). The studies included in the quantitative synthesis did not differ from the studies only included in the qualitative review on the study-level characteristics of percentage of male participants or mean age of the ASD participants (p mean age = 0.90, p percent male = 0.58). Studies could not be compared on the other coded demographic variables due to the degree of missingness in the data (see Fig. 2 ).
Qualitative synthesis
All of the studies included in prior reviews were reviewed at the full text stage. However, several studies included in prior reviews did not meet inclusionary criteria, as they did not include an ASD group (k = 1; i.e., Donohue et al., 2012) or did not confirm diagnosis of ASD participants using a standardized assessment (k = 2; i.e., de BoerSchellekens et al., 2013a, b) .
It is notable that the vast majority of the studies included in this review reported on the temporal principle of multisensory integration (i.e., events that occur close in time tend to be considered related; Meredith et al., 1987 ; k = 46; not to be confused with the temporal binding window, a metric commonly reported in this literature). The remaining studies largely focused on the principle of inverse effectiveness (i.e., the strength of multisensory integration is inversely related to the relative effectiveness of the component unisensory stimuli; Meredith and Stein, 1986b ; k = 4) and general properties of J.I. Feldman et al. Neuroscience and Biobehavioral Reviews 95 (2018) 220-234 Undirected and directed watching refers to preferential looking towards synchrony unless specifically stated to be a neural response during directed or undirected watching (e.g., EEG or fMRI). Some effect sizes were derived from a subset of the total study sample.
multisensory integration, such as speeded reaction time or processing (k = 13). Only one study (i.e., Howard, 2015) evaluated the spatial principle of multisensory integration (i.e., sensory stimuli that occur in close physical proximity tend to be considered related; Meredith and Stein, 1986a) . The qualitative review indicated that a broad range of tasks have been used to assess multisensory integration in individuals with ASD. Past studies have utilized eyetracking (e.g., Bebko et al., 2014; Bebko, Weiss et al., 2006; Grossman et al., 2009; Grossman, Steinhart et al., 2015; Patten, Labban et al., 2016; Patten et al., 2014) , psychophysical tasks (e.g., Foss-Feig et al., 2010; Kwakye, Foss-Feig et al., 2011; Noel et al., 2018b; Woynaroski et al., 2013a) , fMRI (e.g., Lavoie, 2016; Sanchez, 2011) , and EEG (e.g., Brandwein et al., 2015; Magnée et al., 2008b Magnée et al., , 2009 Megnin et al., 2012; Woynaroski et al., 2017) . Additionally, all the tasks considered eligible for inclusion a priori (see Table 1 ) were represented in studies included in at least the qualitative review.
In many instances, effect sizes could not be derived from studies included in the qualitative review. Studies were not included in the quantitative analyses for reporting analyses on a subset of an otherwise published/available sample (k = 3; i.e., Bebko et al., 2014; Irwin and Brancazio, 2014; Noel et al., 2018c) , only reporting results in ANOVAs, which could not be used to extract effect sizes (k = 1; i.e., Stewart et al., 2016) , only reporting general properties of multisensory integration without a unisensory contrast (k = 1; i.e., Kiser, 2013) , and transforming variables in a way that prevented inclusion (k = 2; i.e., Demark, 2004; Wells, 2006) . Notably, many of the studies utilizing neuroimaging techniques could not be included because the information provided in these reports was insufficient to derive effect sizes (k = 4; i.e., Magnée et al., 2008a, b; Magnée et al., 2009; Sanchez, 2011) .
Quantitative synthesis
Group differences
Forty-nine studies (32 clusters) contributed 109 group difference effect sizes. The mean effect size for the group differences was −0.41, indicating that individuals with ASD have a significant deficit in audiovisual integration relative to TD peers on average across studies included in the extant literature (p < 0.001, 95% CI [−0.61, −0.21], τ 2 = 0.26; see Fig. 3 ).
Meta-regression of group difference effect sizes
The between cluster effect of mean participant age (i.e., cluster mean of participant age) was a marginally significant predictor of group difference effect sizes, b = 0.03, p = 0.06, 95% CI [0.00, 0.06], after accounting for the within cluster effect of mean participant age (i.e., cluster mean-centered participant age). This result indicates that there is a trend towards better multisensory integration in individuals with ASD relative to TD individuals with advancing age of the sample. None of the other planned meta-regression analyses related to participant factors could be completed due to missing data (see Fig. 2 ).
Additional analyses were conducted to determine whether stimulus properties or task demands predicted the observed outcomes. Neither of the stimulus properties tested, whether the audiovisual stimuli included a face (b = −0.14, p = 0.40, 95% CI [−0.49, 0.20]) or linguistic stimuli (b = −0.10, p = 0.55, 95% CI [−0.47, 0.27]), was a significant predictor of group difference effect sizes. In regards to task demands, Chan et al. (2016) hypothesized that individuals with autism perform differently than their TD peers on tasks that involve audiovisual illusions; however, whether the task required individuals to report an audiovisual illusion versus other task demands did not predict the results (b = −0.19, p = 0.49). Additionally, a full meta-regression analysis with two dummy coded variables for task demands imposed revealed no significant predictors (explicit measures of temporal perception b = 0.11, p = 0.54; audiovisual illusion b = 0.25, p = 0.36).
Correlations
Fifteen studies (14 clusters) contributed 30 correlations of interest (see Table 4 ). The mean correlation effect size was 0.26, indicating that increased audiovisual integration in individuals with ASD is associated with better language/communication skill and/or reduced autism symptom severity in the extant literature (p = 0.003, 95% CI [0.11, 0.41], τ 2 = 0.03; see Fig. 4 ).
Meta-regression of correlation effect sizes
Due to the small number of clusters in these analyses, meta-regression models with two predictors could not be run. Therefore, the meta-regression analyses for mean age of participants could only be conducted with the non-transformed variable. The untransformed variable of mean age of participants was not a significant predictor of the correlation effect sizes, b = 0.00, p = 0.70.
In regards to stimulus properties, whether the audiovisual stimuli included linguistic stimuli was a significant predictor of the correlation effect sizes, b = 0.38, p = 0.001, 95% CI [0.19, 0.56] . The mean correlation for audiovisual stimuli that included linguistic stimuli was statistically significant, z = 0.45, p = 0.001, and larger in magnitude than the mean correlation for audiovisual stimuli that did not include linguistic stimuli, z = 0.07, p = 0.05. Whether the audiovisual stimuli included a face (b = 0.22, p = 0.09, 95% CI [−0.04, 0.48]) approached, but did not reach, significance as a predictor of the mean effect size. However, whether the measure of autism symptomatology was a language/communication-specific or more general measure of autism symptom severity (b = −0.03, p = 0.85, 95% CI [−0.33, 0.28]) was not a significant predictor of the mean effect size. As there were fewer than 40 clusters in this model, these results should be treated with caution, as meta-regression analyses for models generated using robust variance estimation tend to produce narrow confidence intervals (Tanner- Smith and Tipton, 2014) .
Publication bias
The final analyses were conducted to explore possible publication bias. Fig. 5 depicts the funnel plots for both the group difference model Fig. 2 . Percent of studies included in the qualitative synthesis reporting each variable coded to characterize study samples. Only mean chronological age of participants was available for every study. Fig. 3 . Forrest plot for meta-analysis of group difference effect sizes. *Reference not in the peer-reviewed literature (k = 11; 7 dissertations or theses, 3 posters presented at academic conferences, and 1 manuscript in preparation). Results suggest a small-moderate sized effect for between group differences in audiovisual multisensory integration on average across studies. Note that this effect varied according to mean chronological age of study participants. (Fig. 5A ) and correlation model (Fig. 5B ). Egger's regression test was not significant for the group difference model (b = 0.35, p = 0.75) or the correlation model (b = 0.62, p = 0.64), indicating there was no evidence of small study effects or publication bias in either model.
Discussion
This study is the first to comprehensively and quantitatively synthesize findings for audiovisual multisensory integration in individuals (Lord et al., , 2012 , MSEL = Mullen Scales of Early Learning (Mullen, 1995) , PLS-4 = Preschool Language Scale (Zimmerman et al., 2002) , PPVT = Peabody Picture Vocabulary Test (Dunn and Dunn, 1981) , SCQ = Social Communication Questionnaire (Rutter et al., 2003) , SRS-2 = Social Responsiveness Scale, Second Edition (Constantino and Gruber, 2012) , VABS = Vineland Adaptive Behavior Scales (Sparrow et al., 2005) .
Fig. 4.
Forrest plot for meta-analysis of correlational effect sizes. *Reference not in the peer-reviewed literature (k = 3; 1 dissertation or thesis and 2 posters presented at an academic conference). Results suggest that audiovisual multisensory integration shows a small to moderate association with autism and related symptomatology on average across studies. Note that the magnitude of associations varied according to whether linguistic versus non-linguistic stimuli were used in tasks tapping multisensory integration. Feldman et al. Neuroscience and Biobehavioral Reviews 95 (2018) 220-234 with ASD. A systematic search of the literature was conducted to quantify (a) the extent to which individuals with ASD differ from their typically developing peers in audiovisual multisensory integration and (b) the degree to which differences in multisensory integration are linked with broader autism symptomatology. Additionally, we explored a number of theoretically motivated factors that could explain discrepant findings for the aforementioned effects across studies in the extant literature. Results provide increased empirical support for the hypothesis that individuals with ASD display fundamental differences in their ability to integrate multisensory information that may produce cascading effects on other core and related ASD symptomatology. Perhaps more importantly, the findings provide insights into when, or under what experimental conditions, group differences and associations of interest are evident.
Group differences in multisensory integration are more pronounced earlier in life
Results revealed a small-to moderate-sized group difference between individuals with ASD and their TD peers in the extant literature. These between-group differences are evident across a wide-range of audiovisual multisensory integration tasks. However, a marginally significant between-clusters effect of mean chronological age of study participants in predicting effect sizes indicated that group differences in audiovisual multisensory tend to be more pronounced jn younger samples than in older samples. This finding provides some empirical support for the hypothesis previously put forth by Foxe, Beker, and colleagues that children with ASD may simply experience delayed maturation of multisensory integration abilities relative to their TD peers (Beker et al., 2018; . However, there is still much that we do not know about the maturation of multisensory integration in individuals with autism. For instance, this report does not tell us when the amelioration of multisensory integration abilities occurs during development in ASD, the degree to which individuals with ASD "catch up" to their typically developing peers, or which factors might predict the degree to which individuals with ASD catch up. Additionally, we cannot infer from the present results that development in this domain is really "delayed" versus "disordered." Longitudinal studies have the potential to greatly advance our understanding regarding the trajectories of multisensory development in persons on the autism spectrum relative to persons with typical developmental histories.
It is notable that none of the other planned or post hoc meta-regression analyses revealed significant predictors of group difference effect sizes. We failed to find that the magnitude of group differences observed across studies varied according to any task or stimulus characteristics of interest, including illusory versus direct nature of the percept tapped by the task (Chan et al., 2016) or linguistic versus nonlinguistic nature of the stimuli (Baum et al., 2015; Stevenson et al., 2016) used therein. Thus, it is unlikely that these variables account for discrepancies in findings for group differences in the extant literature.
Linguistic multisensory stimuli are most highly associated with ASD symptomatology
Additionally, this study is the first systematic review and metaanalysis of observed correlations between audiovisual multisensory integration and autism symptomatology in individuals with ASD. Across the literature to date, there is evidence of a significant association between audiovisual multisensory integration and measures of autism symptomology, such that better multisensory integration tends to be associated with less severe autism and related symptoms. Findings indicate that these relations may be more specific to audiovisual stimuli that include linguistic stimuli and/or, to a lesser extent, other social properties (i.e., faces). Associations for tasks that included non-linguistic stimuli were, in fact, negligible. Though differences between diagnostic groups are apparent across tasks and stimuli, multisensory tasks that include linguistic stimuli and/or faces may prove particularly useful when the goal is explaining variance in or predicting ASD and related symptoms and may prove to be important targets for interventions that aim to improve multisensory integration and more distal skills in individuals with ASD. It is unclear whether the relation between the linguistic multisensory stimuli and multisensory integration is similarly present in TD individuals.
Limitations of and future directions for primary research
There are several limitations in the extant literature that must be acknowledged in interpreting our findings. First, many studies tend to be biased towards inclusion of samples of relatively older and/or higher functioning children with ASD. There are few studies that have included infants and toddlers on the autism spectrum (a notable exception is Falck-Ytter et al., 2018) . Additionally, only two studies included in this synthesis reported mean IQ scores for participants with ASD below the average range (i.e., Righi et al., 2018; Weiss, 2007) . Though the majority of the remaining studies included in the qualitative review did not report an IQ cutoff for their sample with ASD (48/64), those that did report an IQ cutoff tended to exclude participants with a diagnosed cognitive impairment (M IQ cut-off reported in inclusion/exclusion criteria = 77.19; range = 70-85). This subject-level J.I. Feldman et al. Neuroscience and Biobehavioral Reviews 95 (2018) 220-234 exclusionary criteria has been noted to be necessary for many reasons, such as the need for participants with ASD to attend for extended periods of time and/or actively report what their perception on demanding tasks (e.g., Feldman et al., 2018b; Woynaroski et al., 2013a) or to sit still for neuroimaging paradigms (e.g., Lavoie, 2016) . Notably, many of the adult samples in the present report were also characterized as "higher functioning" (Howard, 2015; Keane et al., 2010; Saalasti et al., 2011 Saalasti et al., , 2012 . Thus, it is unclear to what extent the present results are generalizable to the broader population of individuals affected by ASD. Emphasis must be specifically placed on recruiting samples of younger and/or lower-functioning individuals with ASD (and on developing and validating tasks that are appropriate for such individuals) in future work. One factor that specifically impacts the group differences metaanalytic model is that studies did not all have well matched samples (see Table 3 ). Though some studies chose to include younger typically developing participants to equate language or functioning levels instead of chronological age (e.g., Bebko et al., 2006; Righi et al., 2018) , many of the included studies did not provide a rationale for the use of groups that were poorly matched on chronological age. Furthermore, though ASD samples are likely to have disproportionate male to female ratios due to incidence rates (Xu et al., 2018) , and there is some evidence that females with ASD demonstrate better multisensory integration than males with ASD , very few studies matched their participant samples on sex. The effect of sex on the observed effect sizes unfortunately could not be properly assessed with a meta-regression because many studies did not report the sex ratio of either group. It is imperative that future samples be matched on factors such as age, sex, and IQ or that the contribution of these factors is explored and statistically controlled when necessary (Mervis and Klein-Tasman, 2004 ; see Kover and Atwood, 2013 for a review).
Another limitation is that very few studies were included from outside North America due to the a priori inclusion criteria requiring that researchers confirm diagnosis of ASD using a standardized measure. In order to ensure that every research group in this area around the world is discussing the same population and disorder, some standardized diagnostic measures, such as the ADOS, ADI-R and CARS, must be used. The Autism (Spectrum) Quotient was frequently administered by international researchers, but is not meant to be diagnostic (Baron-Cohen et al., 2001 ).
An additional limitation of the primary literature base was the measures used to correlate multisensory integration with autism and related symptomatology. At the outset of this study, we had a specific interest in parsing out the magnitude of the association between metrics of multisensory integration and language ability, as many have proposed that differences in multisensory processing may underlie language impairments in persons with ASD (e.g., Bahrick and Todd, 2012; Foxe and Molholm, 2009; Robertson and Baron-Cohen, 2017 ). It was ultimately not possible to meta-analyze this particular association, though, due to the limited use of psychometrically sound measures of language in this literature. Researchers tended to rely on convenience measures (e.g., ADOS scores) or parent report measures of general social and/or communication symptoms (e.g., SRS). It is additionally notable that the relation of multisensory function with many other symptoms that have been associated with autism, such as literacy disorders, executive function, and emotion regulation, have not been explored in studies carried out to date. More research is therefore needed to assess how multisensory integration specifically relates to language and other higher level skills in individuals with ASD.
Finally, this meta-analysis was limited by reporting in the primary literature. Many of the meta-regressions that we had hoped to carry out could ultimately not be run due to missing participant demographic information, including information about sex ratio and sample IQ or mental age (see Fig. 2 ). Primary studies often failed to report whether there was participant overlap in their samples, necessitating author contact to ensure that studies were clustered correctly in these analyses.
Additionally, several effect sizes could not be extracted from the primary reports due to insufficient information reporting, such as only reporting results as ANOVAs, reporting r 2 values with no direction indicated, or reporting only p values for non-significant results. Having this type of information available has the potential to greatly improve the primary literature base as well as future syntheses of the literature; therefore, authors, editors, and reviewers should strive to improve reporting standards. This meta-analytic review points towards many directions for future research. Our qualitative review revealed a focus predominantly on the temporal principle of multisensory integration and, to a lesser extent, on inverse effectiveness in individuals with ASD. Additional research is therefore needed to evaluate the degree to which individuals with autism display differences in their application of the spatial principle of multisensory integration and, if so, whether individual differences in spatial integration are associated with ASD and related symptomatology. Howard (2015) is the only experimenter thus far to conduct an experiment that utilized a spatial manipulation. However, Howard's spatial manipulation was used to evaluate the extent to which participants were more accurate at a simultaneity judgment (i.e., temporal) task when the stimuli were presented in close or far proximity; thus, he did not test the spatial principle of multisensory integration in isolation. There are tasks in the literature that could be used to conduct research on spatial integration of audiovisual stimuli in individuals with ASD (e.g., ventriloquist effect; Alais and Burr, 2004; localization judgment, Hairston et al., 2003; Stevenson et al., 2012) . Such work is required to determine whether these observed differences are specific to one aspect of multisensory processing or represent an underlying deficit in the multisensory system.
Though a large age range was represented in this report, with participant ages ranging from infancy (Falck-Ytter et al., 2018) to adulthood (e.g., Cascio et al., 2008; Saalasti et al., 2011 Saalasti et al., , 2012 Turi et al., 2016) across studies, most samples to date have consisted of schoolaged participants. Further work is necessary to classify and compare individuals with ASD at all ages, with particular emphasis on expanding paradigms downward to assess children in early infancy and preschool, who are underrepresented in this report. Based on the present findings, we would expect differences in this area to be greatest in the earliest stages of development.
This report provides preliminary support for "sensory first" accounts of ASD (Cascio et al., 2016; Robertson and Baron-Cohen, 2017; see Hill et al., 2012 for a review). According to this theory, deficits in sensory and/or multisensory function may produce cascading effects on development in a number of domains affected in individuals with autism. Additional work is needed, however, to validate this theoretical model. First, diminished audiovisual multisensory integration may be particularly disruptive to spoken language acquisition, which relies on accurate and efficient processing of a highly synchronized audiovisual speech signal (e.g., Anderson et al., 2010; Lewkowicz, 1996; Lewkowicz and Flom, 2014) . However, very few reports have evaluated correlations with measures of language (e.g., Patten et al., 2014; WalkerAndrews et al., 1994; Woynaroski et al., 2017) , and few if any studies have explored the extent to which disruptions in multisensory function are linked with higher-order deficits associated with ASD, such as executive function and emotion regulation.
It is furthermore worth noting that it is presently unclear how early in life these associations may emerge and/or how late in life they might persist, based on the paucity of studies testing correlations in infancy/ toddlerhood and adulthood. Currently, Falck-Ytter et al. (2018) are the first to explore longitudinal associations between early audiovisual multisensory abilities and later language abilities, although their results did not indicate a link. Related work does show that other aspects of early sensory function (i.e., atypical sensory responsiveness) emerge early in life and are related to later symptoms associated with autism (i.e., social skill/symptomatology) in infants at risk for the disorder (Baranek et al., 2018; Damiano-Goodwin et al., 2018) . In regards to adult populations, there was only one study (i.e., Turi et al., 2016) that reported correlations between multisensory integration and autism symptomatology in adults with ASD. More work is needed to determine how these relations differ across the lifespan utilizing both cross-sectional and longitudinal designs.
Finally, additional research is needed to determine how the present results are best applied in clinical practice with individuals with ASD. Multisensory integration has been proposed as a potential target of intervention to improve outcomes in higher-order social, communication, and language skill in children with ASD (Cascio et al., 2016) , and there is some evidence to suggest that multisensory integration may be malleable with targeted training. For example, TBWs for audiovisual stimuli can be narrowed with computer based perceptual training paradigms in TD adults, (De Niear et al., 2018; Powers et al., 2009 Powers et al., , 2016 , and possibly in children with ASD (Dunham et al., 2018) . There is no evidence to date that would suggest, however, that such effects on multisensory integration translate to improvements in broader ASD and related symptoms. A great deal of work is thus needed to validate these sensory first accounts.
Limitations of and future directions related to meta-analytic research
In addition to the limitations associated with the primary literature, there are several limitations specific to this meta-analysis. Although the use of robust error variance estimation techniques allowed for all effect sizes to be extracted from each sample cluster, neither model had the optimal number of clusters or mean outcomes per cluster for ideal metaregression models (i.e., 40 clusters with 5 effect sizes per cluster; Tanner- Smith and Tipton, 2014) . The small sample corrections used in these analyses may have mitigated this limitation (Tipton, 2015) . Additionally, it is possible that some of the samples with ambiguous participant overlap were incorrectly clustered when authors did not respond to emails asking for clarification. This meta-analytic approach also allowed for included effect sizes to be derived from a variety of tasks. A priori rules were used to avoid "mixing apples and oranges" (Borenstein et al., 2009, pp. 379-380) ; however, it is nonetheless possible that a more focused meta-analysis using a subset of these tasks could yield different results. As with all meta-analyses, it is furthermore possible that some relevant studies were not found as a part of the search strategy.
Finally, it is possible that individual differences, both those tested in this report by meta-regressions using proxy study-level factors (i.e., mean chronological age of the study sample as opposed to chronological age of individual participants) and those not tested in this manner (e.g., sex), could be influencing findings across studies. Our meta-regressions were specifically limited by the information available in the published reports, as we could not assess the influence of several factors (e.g., IQ, mental age) because that information was not sufficiently reported. To address the limitations of the meta-regression, an individual participant data (IPD) meta-analysis would need to be conducted in order to fully assess the influence of these factors (Debray et al., 2015; Riley et al., 2008) .
Conclusion
In conclusion, this quantitative synthesis found that individuals with ASD demonstrate reduced audiovisual multisensory integration compared to their TD peers; this effect is more pronounced at earlier chronological ages. Additionally, audiovisual multisensory integration is associated with autism symptomatology in the literature; the strength of this association is related to whether the audiovisual stimuli employed in studies included linguistic multisensory stimuli and, to a lesser extent, more general social stimuli (i.e., faces). Further work is needed to determine the extent to which the present results are generalizable across the entire spectrum of functioning, across the entire lifespan, and to aspects of multisensory integration as more broadly conceptualized (e.g., to the spatial principle of multisensory integration). Future meta-analyses should consider using IPD techniques to better evaluate the influence of individual-level factors on observed group differences and associations of interest.
Author Contributions: JF and TW posed the research questions and designed the study. JF performed the initial search and conducted the abstract screening. JF, KD, MC, and YL carried out the grey-literature search. JF and TW analyzed and interpreted the data. All authors reviewed and approved the manuscript.
